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TlCuCl3 is a coupled spin dimer system, which has a singlet ground state with an excita-
tion gap of ∆/gµB = 5.5 T. TlCu1−xMgxCl3 doped with nonmagnetic Mg
2+ ions undergoes
impurity-induced magnetic ordering. Because triplet excitation with a finite gap still remains,
this doped system can also undergo magnetic-field-induced magnetic ordering. By specific heat
measurements and neutron scattering experiments under a magnetic field, we investigated the
phase diagram in TlCu1−xMgxCl3 with x ∼ 0.01, and found that impurity- and field-induced
ordered phases are the same. The gapped spin liquid state observed in pure TlCuCl3 is com-
pletely wiped out by the small amount of doping.
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Recently, considerable attention has been paid to the
quantum spin system with a gapped ground state. Such
a spin gap system exhibits no magnetic ordering down
to a zero temperature. Most gapped ground states arise
from the dimerization of spins that are localized in mag-
netic ions. Hence, when nonmagnetic ions are substi-
tuted for magnetic ions, unpaired spins are produced,
and staggered moments are induced around these un-
paired spins. Unpaired spins can interact through ef-
fective exchange interactions that are mediated by spin
dimers in between.1–3 Three-dimensional (3D) magnetic
ordering can occur due to effective exchange interactions.
Such impurity-induced magnetic ordering is observed in
many spin gap systems.4–7
This study is concerned with impurity- and field-
induced magnetic orderings in the doped spin gap sys-
tem TlCu1−xMgxCl3. The parent compound TlCuCl3 is
a coupled spin dimer system, which has a singlet ground
state with an excitation gap of ∆/kB = 7.5 K.
8–10 The
small gap compared with the intradimer exchange inter-
action J/kB = 65.9 K is ascribed to strong interdimer
exchange interactions.11, 12 In a magnetic field, the gap
is suppressed and closes completely at the critical field
(g/2)Hc = ∆/gµB = 5.5 T. ForH > Hc, TlCuCl3 under-
goes magnetic ordering due to interdimer interactions.9
Field-induced magnetic ordering in TlCuCl3 has been ex-
tensively studied by various techniques including neutron
scattering.10, 13 The results obtained can be described as
a result of the Bose-Einstein condensation of spin triplets
(magnons).14, 15
From a magnetization measurement and a neutron
scattering experiment, it was found that TlCu1−xMgxCl3
with x ≤ 0.03 exhibits impurity-induced magnetic or-
dering.16, 17 The spin structure of the impurity-induced
phase is the same as that of the field-induced mag-
netic ordered phase for H ‖ b in the parent compound
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TlCuCl3. The easy axis lies in the (0, 1, 0) plane at an
angle of 13◦ from the [2, 0, 1] direction to the a-axis. Spin
flop transition was observed at Hsf ≈ 0.3 T, which is al-
most independent of x. Triplet excitation with a finite
gap, which can be interpreted as excitation from intact
dimers, was also observed.17 With decreasing tempera-
ture, the gap increases below TN in proportion to the
order parameter. Mikeska et al.18 argued that the small
staggered magnetic ordering induced in intact dimers
gives rise to the enhancement in triplet gap.
Since the triplet gap still remains in TlCu1−xMgxCl3,
we can expect the occurrence of field-induced magnetic
ordering. Although there are many theoretical and exper-
imental studies of impurity-induced magnetic ordering in
doped spin gap systems, the study of field-induced mag-
netic ordering in doped spin gap systems is limited. The
relationship between impurity- and field-induced ordered
phases has not been sufficiently understood. To investi-
gate a magnetic phase diagram for temperature vs mag-
netic field in TlCu1−xMgxCl3, we carried out a specific
heat measurement and a neutron scattering experiment
in magnetic fields.
Before preparing the doped TlCu1−xMgxCl3 crystals,
we prepared single crystals of TlCuCl3 and TlMgCl3.
Mixing TlCuCl3 and TlMgCl3 in a ratio of (1 − x) :
x, we prepared TlCu1−xMgxCl3 by the vertical Bridg-
man method. We obtained single crystals of ∼ 0.5 cm3.
The magnesium concentration x was analyzed by in-
ductively coupled plasma−optical emission spectroscopy
(ICP−OES) after the measurements. In the present
study, we use samples for with x = 0.0088 and 0.015.
The TlCu1−xMgxCl3 crystal is cleaved easily parallel to
the planes (0, 1, 0) and (1, 0, 2¯).
Specific heat measurements were performed for the
sample with x = 0.0088. Specific heat was measured
down to 0.45 K at magnetic fields up to 9 T for H ‖ b,
H ⊥ (1, 0, 2¯) and H ‖ [2, 0, 1], using a Physical Prop-
1
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erty Measurement System (Quantum Design PPMS) by
the relaxation method. The same sample was used in the
measurements for H ⊥ (1, 0, 2¯) and H ‖ [2, 0, 1], and an-
other sample that was taken from the same batch was
used in the measurement for H ‖ b. As will be shown
later, no difference was observed between the ordering
temperatures at a zero field obtained for both measure-
ments. This implies a good homogeneity in the same
batch.
Neutron scattering experiments were carried out us-
ing the E1 spectrometer of the BER II Research Reac-
tor of the Hahn-Meitner Institute with the vertical field
cryomagnet VM1. Incident neutron energy was fixed at
Ei = 13.9 meV, and the horizontal collimation sequence
was chosen to be 40′ − 80′ − 40′ − 40′. A single crystal
with x = 0.015 was used. The sample was mounted in
the cryostat with its (0, 1, 0) cleavage plane parallel to
the scattering plane, so that reflections in the a∗ − c∗
plane were investigated. The sample was cooled to 0.4 K
using a 3He refrigerator. An external magnetic field of
up to 12 T was applied along the b-axis.
Specific heat for TlCu1−xMgxCl3 with x = 0.0088 dis-
plays a small cusplike anomaly below 6 K indicating mag-
netic phase transition at zero and finite magnetic fields.
To determine the transition temperature TN more accu-
rately, we plotted the difference Cdif between the specific
heat C(H) for TlCu1−xMgxCl3 in a magnetic fieldH and
C0 for TlCuCl3 at a zero field. Figure 1 shows the tem-
perature dependence of Cdif for H ⊥ (1, 0, 2¯) plane. The
cusplike anomaly caused by phase transition is clearly
observed. Arrows in Fig. 1 denote the transition tem-
peratures. The transition temperature at a zero field is
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Fig. 1. Temperature dependence of Cdif (= C(H)−C0) for H ⊥
(1, 0, 2¯), where C(H) is the specific heat for TlCu1−xMgxCl3 in
a magnetic field H and C0 is the specific heat for TlCuCl3 at
H = 0. Arrows denote Ne´el temperatures.
TN = 1.7 K. For H ≤ 3 T, TN is almost independent
of temperature. However, for H > 3 T, TN increases
rapidly. A similar field dependence of TN was also ob-
served for H ⊥ (1, 0, 2¯) and H ‖ [2, 0, 1]. Figure 2 shows
a summary of the data of TN obtained at various mag-
netic fields for x = 0.088 and those for TlCuCl3. In Fig.
2, the magnetic field is normalized by the g-factor. Here,
we use g = 2.06, 2.23 and 2.06 for H ‖ b, H ⊥ (1, 0, 2¯)
and H ‖ [2, 0, 1], respectively, which were determined
for TlCuCl3 by ESR.
9 We see that phase boundaries for
these different field directions almost coincide. This fact
indicates that the phase boundary is independent of the
external field direction, when normalized by the g-factor,
and that the anisotropy of the exchange interaction is
negligible except in the low-field region (H < 0.5 T) in-
cluding the spin flop field Hsf ≈ 0.3 T.
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Fig. 2. Phase diagram for magnetic field vs temperature in
TlCu1−xMgxCl3. The magnetic field is applied for H ‖ b,
H ⊥ (1, 0, 2¯) and H ‖ [2, 0, 1].
With increasing external field, the ordering temper-
ature TN increases rapidly above (g/2)H ≃ 3 T. This
field of (g/2)H ∼ 3 T is considerably smaller than the
gap field (g/2)Hc ∼ 8 T corresponding to the triplet
gap, which is estimated from the triplet gaps in TlCuCl3
and TlCu1−xMgxCl3 with x ≈ 0.03.
17 Since the triplet
gap for intact dimers is enhanced with increasing doping
rate x, the rapid increase in TN for H > 3 T does not
arise from the closing of the triplet gap for intact dimers.
The effective exchange interaction Jeff between unpaired
spins increases exponentially with decreasing triplet gap
for intact dimers,1, 2 which leads to an enhancement in
ordering temperature. Thus, the rapid increase in TN for
H > 3 T should be attributed to the enhancement in
Jeff due to the shrinkage of the triplet gap induced by
the applied field.
A notable feature of the magnetic phase diagram is
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that there is no boundary separating impurity- and field-
induced antiferromagnetic phases, i.e., these two phases
are contiguous. The gapped ground state that exists be-
low (g/2)Hc = 5.4 T in pure TlCuCl3 is completely
wiped out by the small amount of nonmagnetic impu-
rities. The magnetic phase diagram for TlCu1−xMgxCl3
is different from that of the doped Haldane system
Pb(Ni1−xMgx)2V2O8,
19 in which impurity- and field-
induced ordered phases are separated by a gapped disor-
dered phase.
If the impurity- and field-induced ordered phases are
identical, then the order parameters should be the same.
Therefore, we can expect that the sublattice magneti-
zation corresponding to the order parameter exhibits
unusual field and temperature dependences. Then, we
performed a neutron elastic scattering experiment on
TlCu1−xMgxCl3 with x = 0.015, for which impurity-
induced magnetic ordering occurs at TN = 2.8 K as
shown in the inset of Fig. 3. Magnetic reflections with
a resolution-limited width were observed at Q = (h, 0, l)
for an integer h and an odd l. These reciprocal points are
the same as those for field- and pressure-induced trans-
verse Ne´el orderings in TlCuCl3.
10, 20 Figure 3 shows
θ−2θ scans for the (1, 0, 3¯) reflection measured at T = 0.4
K (< TN) under the various magnetic fields. We also
plotted in Fig. 3 the same scan for H = 0 at T = 4.0
K (> TN). Since the parent compound TlCuCl3 be-
longs to the space group P21/c, nuclear peaks are ex-
pected only at Q = (h, 0, l) with an even l. However, as
shown in Fig. 3, weak nuclear peaks are observed for an
odd l. Since no structural phase transition was observed
in TlCu1−xMgxCl3 through magnetization and specific
heat measurements, we infer that the nuclear peaks ob-
served at Q = (h, 0, l) with an odd l are due to the local
disturbance of the lattice caused by Mg2+ doping.
As shown in Fig. 3, magnetic Bragg intensity decreases
slightly with increasing external field up to 4 T. For
H ≥ 6 T, the intensity increases rapidly. We investi-
gated the field dependence of magnetic Bragg intensity
in detail. Figure 4 shows the intensity vs magnetic field
plots for Q = (1, 0, 3¯) and (0, 0, 1) magnetic peaks. Nu-
clear Bragg intensities and background are subtracted.
With increasing external field, the intensities of both
magnetic peaks have a minimum at H ∼ 3.5 T and in-
crease rapidly. However, no anomaly indicative of field-
induced phase transition is observed. This result confirms
that there is no boundary separating impurity- and field-
induced ordered phases. Since Bragg peak intensities for
both Q = (1, 0, 3¯) and (0, 0, 1) exhibit similar field de-
pendences, these field dependences are attributed not to
the change in spin direction, but to the change in the
magnitude of the ordered moment. The present result in-
dicates that impurity- and field-induced ordered phases
in TlCu1−xMgxCl3 are the same, and that the order pa-
rameter has a minimum at H ≃ 3.5 T.
Recently, Mikeska et al. have theoretically investigated
the interplay of the doping and the external field in the
coupled S = 1/2 Heisenberg spin dimer system on the
basis of the mean-field approximation.18 For the ground
state, they presented the schematic phase diagram in the
(ZJ ′/J,H/J) plane as shown in Fig. 5, where J and J ′
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Fig. 3. Intensity of θ− 2θ scans at T = 0.4 K for Q= (1, 0, 3¯) re-
flection in TlCu1−xMgxCl3 under various magnetic fields. The
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Inset shows the temperature dependence of the magnetic peak
intensity for Q= (1, 0, 3¯), where temperature independent back-
ground is subtracted.
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are the intradimer and interdimer interactions, respec-
tively, and Z is the coordination number. Their results
are summarized as follows: doping causes the antifer-
romagnetic order at a zero field. For smaller (ZJ ′/J),
there are three critical fields Hc1, Hc2 and Hs. For
H < Hc1, the unpaired spins form an antiferromagnetic
order through the effective exchange interaction Jeff , and
a small transverse staggered order also occurs in intact
dimers. Unpaired spins are fully polarized at H = Hc1,
and the small transverse staggered order in intact dimers
vanishes. The critical field Hc1 is proportional to the im-
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purity concentration x. Above Hc1, the ground state is
gapped and disordered. At the second critical field Hc2,
the triplet gap for intact dimers closes and the transverse
staggered order occurs again in intact dimers. With a
further increase in magnetic field, the saturation takes
place at H = Hs. On the other hand, for larger (ZJ
′/J),
the field range of the disordered state shrinks. There is
a critical value (ZJ ′/J)c, above which impurity- and
field-induced ordered states merge. The point given by
(ZJ ′/J) = 1 is the quantum critical point that separates
the gapped disordered state and the antiferromagnetic
ordered state in the pure system.
For TlCuCl3, the critical field corresponding to the gap
and saturation field are (g/2)Hc = 5.5 T and (g/2)Hs ∼
90 T, respectively. Hence, the exchange parameter should
be located at the point indicated by the arrow in Fig. 5.
(ZJ ′/J) corresponding to TlCuCl3 is close to unity and
should be larger than (ZJ ′/J)c for x ≥ 0.0088. In this pa-
rameter region, the field-induced disordered state is ab-
sent. The present experimental result that the impurity-
and field-induced ordered states are connected without a
boundary in TlCu1−xMgxCl3 is in accordance with the
theory by Mikeska et al.18 In the present system, the
interdimer interaction is fairly large so that the triplet
gap for intact dimers closes in a magnetic field before
unpaired spins are fully polarized. For this reason, the
impurity- and field-induced ordered states merge.
According to the mean-field theory by Mikeska et al,18
(ZJ ′/J)c increases with decreasing impurity concentra-
tion x, and approaches unity for x → 0. However, it is
also considered that for small x, there is a finite crit-
ical value (ZJ ′/J)c being smaller than unity, because
field-induced phenomena at T = 0 should be determined
by the local interactions between unpaired spin and in-
duced moments around the unpaired spin that are inde-
pendent of x for x→ 0. Thus, it is interesting to investi-
gate whether field-induced disordered state is realized in
TlCu1−xMgxCl3 with further decreasing x.
TlCuCl3
1
H/J
ZJ'/J1
Fully Saturated
Transverse Neel Order
Disordered
(ZJ'/J)
c
'
Fig. 5. Phase diagram of ground state proposed by Mikeska et
al .18 Solid and dashed lines are boundaries for the pure and
doped systems. Arrow denotes the (ZJ ′/J) corresponding to
TlCuCl3.
In conclusion, we have performed specific heat mea-
surements and neutron elastic scattering experiments
on the doped spin gap system TlCu1−xMgxCl3 with
x ∼ 0.01 in magnetic fields to investigate the relation be-
tween impurity- and field-induced ordered phases. Well-
defined phase transitions were observed. It was found
that the impurity- and field-induced ordered phases are
contiguous, i.e., these two phases are the same. The
gapped spin liquid state observed in pure TlCuCl3 is
completely wiped out by the small amount of doping.
This is because the interdimer exchange interaction J ′
is so strong in TlCu1−xMgxCl3 that the triplet gap in
intact dimers closes before unpaired spins near impuri-
ties are fully polarized by the external field. From the
neutron scattering result, we found that the magnitude
of the ordered moment has a minimum at H ≃ 3.5 T. It
is considered that this unique behavior of the order pa-
rameter results from the competition between magnetic
ordering and spin gap, the latter of which acts to sepa-
rate impurity- and field-induced phases.
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